The effects of fluorescent compounds on living microorganisms have been investigated for over half a century by many workers. Some of the early findings, however, have been neglected for decades. The photodynamic action of the fluorescent acridine dyes, observed with living paramecia by Raab (1900) and critically evaluated by Blum (1941) , has only recently received renewed attention (Freifelder and Uretz, 1960; King, 1959, 1960; Aronson, 1959, 1961) . The use of fluors for the expressed purpose of visualizing cells was initiated by Provazek (1914) , but this technique remained essentially dormant for a quarter of a century. A review of research pertaining to induced fluorescence in microorganisms is available (Darken, 1961b) . Although the toxicity and mutagenic action of fluorescent dyes have been studied, induced fluorescence in actively growing cultures of microorganisms was not investigated specifically for cytochemical or cytological purposes until Freifelder and Uretz (1960) reported that yeasts and bacteria could multiply indefinitely in concentrations of acridine orange sufficient to permit microfluorescent observations of dividing cells. The uptake of fluorescent brighteners by active cultures of bacteria, yeasts, actinomycetes, and higher fungi was later reported (Darken, 1961a) , as well as the actual transfer of the observed fluorescence to subsequent growth. The possible application to developmental and genetic studies was suggested. It is the purpose of this communication to report details of these preliminary observations, as well as additional findings, and to present photographic data to illustrate the technique.
MATERIALS AND METHODS
Cultures. The species and collection numbers of the organisms used in this study follow: Bacillus subtilis ATCC 6633, Escherichia coli QM B1457, Mucor murorum QM 776, Neurospora crassa ATCC 9683, Penicillium chrysogenum Wisc. Q176, Saccharomyces cerevisiae ATCC 7753, Streptomyces aureofaciens ATCC 10762, S. griseus ATCC 10137, and S. lavendulae ATCC 8664.
Media. The media employed have been described previously. For the higher fungi, a corn steep liquor-glucose medium (Moyer and Coghill, 1946 ) and a synthetic medium (Foster et al., 1945) gave good definition. With the actinomycetes, a sucrose-corn steep liquor medium (Niedercorn, 1952) and a synthetic medium (Darken et al., 1960) were used. To obtain a relatively fine type of submerged.mycelial growth for microscopic study, 1 g of partial calcium salt per liter of a modified vinyl acetatemaleic acid copolymer (Monsanto Chemical Co.) was added. Trypticase Soy Peptone medium was satisfactory for observations on yeast and bacterial cells. For surface growth, yeast-malt agar was used with all but the higher fungi, for which potato dextrose agar was preferable.
Brighteners. The brightener most satisfactory for these studies was the disodium salt of 4,4'-bis[4-ani1ino-6-bis-(2-hydroxyethyl)amino-s-triazin-2-ylamino]-2-2'-stilbenedisulfonic acid (I), the structural formula of which is given in Fig. 1 . Three other brighteners were investigated. One is also a member of the DAS-triazine class (II), another a member of the coumarin class (III), and the last a member of the benzidine sulfone class (IV). All exhibit substantivity for cellulosic fibers.
Growth. Cultures were grown in the dark at 28 C with the exception of bacteria, which were incubated at 37 C. For submerged growth, 250-ml Erlenmeyer flasks containing 50 ml of medium, or 50-ml Erlenmeyer flasks with 10 ml of medium, or test tubes (32 by 175 mm) with 10 ml of medium were placed (test tubes slanted) on a reciprocating shaker with a 2-in. stroke at 100 cycles per min. For experiments utilizing liquid inoculum, 0.1 % by volume was transferred for yeasts and bacteria, and 1 % was used for mycelial transfers. Spore suspensions of P. chrysogenum were prepared by rubbing a mature slant with a transfer loop in the presence of 10 ml of sterile 387 DARKEN distilled water and filtering by gravity through wet sterile filter-press cloth for the removal of mycelial fragments.
In addition to test-tube and petri-dish surface cultures, tilted agar plates (Szybalski, 1952 , modification of Porter, 1924 were prepared, to vary the concentration of brightener available for range-finding experiments on the uptake of brightener by the organisms; pH-gradient agar plates (Sacks, 1956) were also used to study the effect of pH upon brightener accumulation. Hanging-drop and agar coverslip preparations were made for growth and reproduction studies with a heated microscope stage.
Absorption. Brighteners were added to submerged shaken fermentations before or after autoclaving in both natural and synthetic media, either before inoculation or after a period of incubation. Their incorporation in the agar of petri dishes and test tubes was made at the time of batching, and they were added to distilled water for accumulation by spores. Brighteners were used at concentrations recommended for their absorption by fibers as based on dry weight. The amount generally indicated is 0.1 % (Villaume, 1958) ; this percentage of the dry cell weight approximates 2.5 mg of brightener per 50 ml of liquid culture. To ascertain the uptake of these compounds by cells under refrigerated conditions, cultures were chilled to 4 C, brighteners added, and cultures either left stationary or placed in the shaking head of a refrigerated centrifuge operating at 250 rev/min. Cellular wash. Fluorescent cell suspensions were centrifuged at 2,000 rev/min for 2 min, decanted, brought to original volume with sterile 0.85 % NaCl, and resuspended with a vibrating-type mixer. Three washes in most instances were sufficient to remove excess brightener, added in accordance with recommendations, as evidenced by lack of fluorescence of the final rinse solutions and nonfluorescence of the organisms transferred to these solutions as control checks.
Observation. Observations were made in a dark room with a magnesium fluoride-coated microscope, with an 85-w mercury arc lamp and a no. 5840 Corning exciter filter of 0.40 mm thickness; a set of Wratten barrier filters was fitted in the oculars, and an aluminized mirror was placed over the substage mirror of the microscope. Cargille's immersion oil (Type A) of very low fluorescence was used. Achromatic objectives with a bright-field condenser were employed throughout the greater part of these studies. The dark-field condenser permits less background luminosity and somewhat sharper contrast, but it is not recommended for investigations on transport of fluorescent substances owing to visualization of cells which are not visible otherwise because of lack of fluorescence.
Photography. Photomicrgraphs were made with an Exacta reflex camera and enlarged 2 X. Daylight Superanscochrome color film was used, with exposures ranging from 2 to 20 sec. The binocular head of the microscope was replaced with a monocular tube, and a 10 X hyperplane eye-piece was inserted. Shaken cells were mounted in the medium in which they were grown; agar cultures were suspended in water.
RESULTS
Three types of experiments were performed. The first was designed to study the growth of microorganisms on agar containing fluorescent brighteners. In the second, a submerged shaken growth was investigated with these fluors. In the third type of experiment, washed submerged brightener-labeled cells were transferred to agar and liquid media without brightener.
Growth on agar. These experiments were conducted with a 12% solution of brightener I in 42 % aqueous Cellosolve at pH 12. P. chrysogenum and S. aureofaciens were grown on agar slants and petri dishes as described above. In a study of the effect of pH upon the absorption of brightener, no difference was apparent in observed fluorescence between pH 5.6 and 7.8. Growth of P. chrysogenum proceeded on agar without any detectable difference from controls when concentrations of brightener I as high as 0.05 ml per 10 ml were used. However, when 0.10 ml was added, mycelial development was slightly retarded; growth was severely inhibited at a concentration of 0.50 ml per 10 ml of medium. S. aureofaciens exhibited greater sensitivity towards this brightener. Growth was noticeably retarded at a concentration of 0.025 ml and severely inhibited at 0.10 ml per 10 ml; when 0. control slants. A concentration of 0.01 ml per 10 ml was selected for observations on both these organisms. Actively growing mycelium, especially the hyphal tips, evidenced the greatest fluorescence of brightener (Fig. 2) . A brilliant blue fluorescent differentiation was observed within the cells, as well as in the side walls and cross walls of the mycelium (Fig. 3) . Highly fluorescent spores were also seen in mature agar cultures (Fig. 3) . The accentuated uptake of brightener by the hyphal tips and its differentiation within the cell was somewhat less pronounced when cultures were not grown in complete darkness.
Submerged growth. Preliminary studies were conducted with the four brighteners described above. A 12 % solution of brightener I in 42% aqueous Cellosolve at pH12 was used for further experimentation. Bacteria (B. subtilis and E. coli), yeasts (S. cerevisiae), actinomycetes (S. aureofaciens, S. griseus, and S. lavendulae), and higher fungi (including M. murorum, N. crassa, and P. chrysogenum) were all found to fluoresce both when grown in the presence of this brightener and when the brightener was added as a direct stain. Although absorption of the fluor by the cell wall was essentially instantaneous, distribution within the cell required a longer period of time. In the filamentous fungi, side walls and cross walls, when present, glowed instantly and there was marked emphasis of fluorescence at the hyphal tips (Fig. 4) . When synthetic media were used, less background fluorescence was noted. In yeasts, the cell walls fluoresced instantly, with greater fluorescence of brightener in the prebudding region (Fig. 5) . Approximately 2 hr were required for the differentiation by the fluor within the cell. Actively growing vegetative yeast cells (Fig. 5 ) appeared to fluoresce more differentially than older (Fig. 6) or dead ( Fig. 7) cells, which exhibited an opaque glow. In bacteria, fluorescence could be seen instantaneously. Cultures of all organisms exposed to brightener in the light evidenced a somewhat less efficient uptake, and differential fluorescence at the active growth centers was slightly less pronounced.
Toxicity tests for brightener I were conducted in submerged growth. The results (Table 1) show a specific tolerance by individual organisms. The tolerance shown by P. chrysogenum and S. aureofaciens was slightly increased when 48-hr liquid mycelial inoculum was used, in contrast to spores. With both of these organisms, a concentration of 0.10 ml brightener I per 50 ml was essentially nontoxic with mycelial transfers; a marked delay in growth occurred with 0.50 ml per 50 ml. When spores were employed, the delay in mycelial growth was apparent at a concentration of 0.10 ml per 50 ml. If the brightener was not incorporated into the medium initially but was added 24 or 48 hr after inoculation, a greater tolerance was found. For general observations, a concentration of 0.025 ml brightener I per 50 ml was selected for initial addition to the higher fungi and actinomycetes; this amount was effectively absorbed and did not leave a visible residue of brightener in the medium.
Although B. subtilis and E. coli showed an initial tolerance of 0.20 ml brightener I per 10 ml, a concentration of 0.0025 ml was found to be effectively absorbed without a visible excess. Yeast cells tolerated markedly less brightener. A concentration of 0.0025 ml per 10 ml was toxic, and upon transfer of these cells at 24 hr to fresh medium without brightener no growth occurred. At a level of 0.00025 ml per 10 ml, growth was delayed and at 48 hr was equivalent to the control at 24 hr; however, at this low concentration of brightener some of the cells did not fluoresce. With an 18-hr addition of the fluor, greater tolerance was found (due probably to the increased cellular weight). When brightener was added at 18 hr and transfer was made at 24 hr to fresh medium without brightener, a concentration of 0.025 ml per 10 ml permitted subsequent growth. At this level, however, considerable excess fluor was present in the medium. A concentration of 0.0025 ml brightener I added at 18 hr or 0.00025 ml initially was adopted for microscopy of growing yeast cells.
The effect of pH upon the uptake of brightener was studied with P. chrysogenum and S. aureofaciens. No apparent difference was noted when flasks of medium containing 0.025 ml brightener I per 50 ml were adjusted with H2SO4 or NaOH, before inoculation, to pH 5.0, 5.5 6.0, 6.5, 7.0, 7.5, and 8.0. The adjustment of 3-day-old mycelium to these pH levels before the addition of brightener was also without effect during observation periods of 10 min, 1 hr, 2 hr, and 24 hr. It is of interest that total antibiotic production by P. chrysogenum, S. aureofaciens, and S. griseus was not delayed or reduced when 0.025 ml of brightener I was added to 50 ml of medium before inoculation. Concentrations as high as 0.50 ml delayed, but did not reduce, the total antibiotic yields. When submerged cultures were chilled before the addition of brightener and then kept under refrigeration, both shaken and unshaken cells evidenced uptake of the fluorescent compound. It should be noted that the normally active growth centers were no longer sharply delineated by their intense glow, and cellular differentiation was somewhat obscured under these conditions. Transport of brightener. A distinction is needed between the simple diffusion of brighteners through established mycelium independently of hyphal growth, as in the case of typical movement of dyes (Schutte, 1956) , and the active transport by uptake of material at one site and its transference to another site in the mycelium due to hyphal extension, as is apparently the case in radioactive tracer experiments with cobalt-60 and caesium-137 (Grossbard and Stranks, 1959) and with phosphorus-32 (Lucas, 1960 ). It appears that the transport of brighteners is actually via the extending mycelium itself, and the present paper offers evidence for this interpretation.
When divided plates were prepared with brightener I- FLUORESCENT BRIGHTENERS IN MICROORGANISMS labeled (0.025 ml per 10 ml) and unlabeled agar sections and the brightener-containing area alone was inoculated with M. murorum, P. chrysogenum, or S. aureofaciens, the mycelial growth which extended over the glass division onto the section with no brightener was fluorescent. When washed mycelium of P. chrysogenum or S. aureofaciens which had been grown for 3 days in shaken culture in the presence of 0.025 ml of brightener I per 50 ml was transferred to agar cover slips or to hanging-drop slides with no brightener, fluorescence was evident in the new growth (Fig. 8) . When a suspension of Penicillium spores was shaken for 2 hr in 5 ml of sterile distilled water containing 0.01, 0.02, or 0.05 ml of brightener I, washed, and transferred to agar or liquid medium with no brightener, fluorescent germ tubes formed and were observed to develop into fluorescent young mycelial strands. These were also seen when spores produced on agar containing 0.05 ml of brightener per 10 ml were washed and transferred to agar or liquid medium with no brightener (Fig. 9) . When washed mycelium of P. chrysogenum, grown in the presence of brighteners as previously described, was used as inoculum for liquid medium containing no brightener, the new growth showed a blue fluorescence. Indications are that leaching of the fluorescent compound into the medium did not occur to an extent sufficient to account for this fluorescence, since bacterial or yeast cells which had previously been observed to fluoresce with the brightener did not do so when introduced into the liquid medium simultaneously with the ungerminated spores or mycelium.
Fluorescent yeast cells, which had shaken for 18 hr in the presence of 0.00025 ml of brightener I per 10 ml of medium, were washed and transferred to medium without brightener in test tubes and in hanging-drop slides. Blue fluorescence was observed in the buds and in the newly formed cells (Fig. 10) ; observations on the development of ascospores were greatly facilitated (Fig. 11) . Cells of E. coli did not become fluorescent when added simultaneously to this medium at the time of transfer of the washed yeast cells.
DISCUSSION
In a search for fluorescent compounds which would act not only as vital stains but also as markers for genetic and developmental studies, certain requirements must be met. Such compounds should be essentially nontoxic at the concentration employed, efficiently absorbed by the cell, and sufficiently stable for detection in subsequent growth. Attempts to use such well-known vital fluors as acridine orange, fluorescein, rhodamine, and Thioflavin were unsuccessful in preliminary trials (Darken, 1961a) . Much work has been done in the field of direct vital staining with acridine orange. This compound, however, has been found to be loosely bound to cytoplasmic nucleic acid in vitally stained monkey-kidney cells (Mayor, 1961) , to be somewhat toxic to fibroblast cells at levels sufficiently high for cellular fluorescence (Wolf and Aronson, 1961) , to have a reversible absorption spectrum which became apparent as the dye was eluted from Ehrlich ascites tumor cells (Loeser, West, and Schoenberg, 1960) , and to have a highly reversible degree of binding within fibroblast cells which was to a large extent determined by the concentration in the medium (Hill et al., 1960) . These latter workers also noted that it was necessary to make observations and photographs immediately, since exposure to light caused rapid bleaching and loss of crisp clear outlines.
Fluorescent antibiotics and steroids were also unsatisfactory in preliminary trials. Other workers have found the fluorescent antibiotic tetracycline, for example, to be loosely bound. Milch, Rall, and Tobie (1957) reported that, although bone fluorescence persisted for at least 10 weeks when a single small parenteral dose of tetracycline was administered to freshly frozen sections of several species of laboratory animals, this induced fluorescence disappeared from all other tissues within 6 hr after injection. Working with monkey kidney tissue culture cells, DuBuy and Showacre (1961) noted that tetracyclinetreated material, when resuspended in tetracycline-free medium, evidenced a gradual decrease in fluorescence during a period of several hours.
In the present study, some of the commercially available optical bleaching agents or brighteners were found to act effectively not only as vital stains but also as stable biological markers that were bound by the cell and were transferred by it to subsequent growth. These brighteners appear to be highly fluorescent, able to pass through cell walls, substantive to proteins, fluorescent at pH 5.0 to 8.5, and stable as regards fluorescence when bound. The question of possible mutagenic action of these fluors and other ultraviolet-absorbing compounds, both alone and in conjunction with known mutagens, including ultraviolet light, is currently under investigation in this laborator*y.
Brighteners are a relatively new class of chemical compounds; their biological applications were first noted by Darken (1961a) . Earlier, Paine, Radley, and Rendell (1937) had described the ultraviolet fluorescence of textile fibers when treated with N,N'-diacyl derivatives of 4,4'-diaminostilbene-2,2'-disulfonic acid. Eggert and Wendt (1939) disclosed the use of N,N'-bis-triazinyl derivatives of diaminostilbene as protective agents against deterioration of paper by the absorption of ultraviolet light. Although the affinity of some of these compounds for cellulosic material, with a subsequent whitening effect, was thus definitely established, it was not until 1948 that extensive research programs culminated in their commercial availability.
Brighteners do not absorb any significant amount of visible light. They convert absorbed ultraviolet light to longer wavelengths, which are emitted as visible light. In this process, free electrons are excited to a higher energy level, and, upon return to the original energy state, part of the absorbed light is in the visible blue region of the spectrum. Thus, blue light is added to the reflectance of brightener-treated substances.
The binding of brighteners is a function of two factors, the concentration-fluorescence relationship and the percentage of exhaust (Villaume, 1958) . When the concentration of a triazinyl stilbene brightener is plotted vs. its fluorescent intensity, a sigmoid-type curve is obtained, and the fluorescence efficiency decreases as the concentration increases beyond a critical level. It becomes apparent that at a concentration of 0.002 % a specific brightener produces more than twice the fluorescence obtained with one-half of this concentration; however, a concentration of 0.10% gives only about 8% more intensity than onehalf of this amount. This concentration-fluorescence relationship varies with different brighteners. The degree of exhaustion (the ratio of the affixed brightener to the brightener present in the solution) also varies with the type of brightener, and ranges between 40 and 95%. Factors which influence the exhaust include time, temperature, light intensity, concentration, and pH. Many differences exist among brighteners in regard to substantivity, degree of exhaustion, and fastness properties.
Of the four brighteners investigated, brightener I has proven to be the most satisfactory. This brightener has excellent exhaustion, solubility, and binding properties; its resistance to heat and light while in solution is also excellent. Its effective pH range is 5 to 11. That the binding of this fluor to microorganisms is stable is shown by the observation that washed, refrigerated, brightenerlabeled cells suspended in 0.85 % NaCl continued to fluoresce strongly for 18 months without detectable leaching.
The applications of brighteners and other ultravioletabsorbing compounds would appear to merit further study, and work is continuing in this laboratory. It is hoped that other workers will find these compounds useful as tools for investigation of the many problems which might be successfully probed with highly fluorescent, stable markers.
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